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ABSTRACT

Matrix-M™ adjuvant is a key component of several novel vaccine candidates. The Matrix-M adjuvant consists of
two distinct fractions of saponins purified from the Quillaja saponaria Molina tree, combined with cholesterol
and phospholipids to form 40-nm open cage-like nanoparticles, achieving potent adjuvanticity with
a favorable safety profile. Matrix-M induces early activation of innate immune cells at the injection site and
in the draining lymph nodes. This translates into improved magnitude and quality of the antibody response to
the antigen, broadened epitope recognition, and the induction of a Th1-dominant immune response. Matrix-
M-adjuvanted vaccines have a favorable safety profile and are well tolerated in clinical trials. In this review, we
discuss the latest findings on the mechanisms of action, efficacy, and safety of Matrix-M adjuvant and other
saponin-based adjuvants, with a focus on the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
subunit vaccine candidate NVX-CoV2373 developed to prevent coronavirus disease 2019 (COVID-19).

Introduction

The worldwide pandemic of coronavirus disease 2019 (COVID-
19), caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has led to unprecedented urgency of vaccine
development and subsequent mass vaccination campaigns.'™
Novavax has developed an adjuvanted, recombinant, subunit vac-
cine targeting the SARS-CoV-2 spike protein, NVX-CoV2373
(Nuvaxovid™). This vaccine is well tolerated and has high efficacy
for the prevention of COVID-19 in phase 2/3 clinical trials.*° The
vaccine’s immunogenicity is critically dependent on the adjuvant,
Matrix-M", which has antigen dose-sparing properties and pro-
motes the induction of potent humoral and cellular immune
responses. In this review, we will describe why this adjuvant is
a critical component for NVX-CoV2373 and other novel vaccines.

Vaccine adjuvants are substances that enhance and modulate
the immunogenicity of antigens.”® Due to their capacity to acti-
vate components of the innate immune system, adjuvants increase
the magnitude, broaden the specificity, change the humoral and
cellular characteristics of the vaccine-induced immune responses,
and improve memory responses. These properties have enabled
the development of vaccines for target populations (e.g., infants,
older adults, and immunocompromised persons) and infectious
diseases (e.g., malaria, herpes zoster, and avian influenza) for
which traditional vaccines have been unsuccessful or of limited
efficacy. In addition, adjuvants may also help reduce the number
of doses needed to immunize an individual or reduce the amount
of antigen needed in each dose (dose-sparing effect).

The need for new adjuvants has been strongly driven by the
development of vaccines containing highly purified antigens
derived from recombinant technologies, which are more
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precisely characterized and safer, but potentially less immuno-
genic, than live-attenuated or inactivated whole-cell vaccines.
Indeed, most older live-attenuated, inactivated, or toxoid vac-
cines are “self-adjuvanted” because they contain intrinsic mole-
cules called pathogen-associated molecular patterns that are
recognized by cells of the innate immune system such as mono-
cytes, macrophages, and dendritic cells (DCs) via a range of so-
called pattern recognition receptors.” In contrast, purified
recombinant protein vaccines often lack these microbial pat-
terns necessary to trigger innate immune responses. Adding
adjuvants to the vaccine antigens triggers a rapid innate immune
response at the injection site and/or the draining lymph nodes
(dLNs) by attracting and activating antigen-presenting cells
(APCs). The APCs can then process and present the antigen to
CD4+ and CD8+ T cells. Both T-cell types are capable of
providing cellular effector functions and CD4+ T cells help to
develop a mature adaptive immune response. This acute
response sets the stage to create immunological memory that
can persist for years and react more rapidly upon subsequent
infection. By modifying the initial signal provided to the innate
immune system, the adjuvant also influences the type of adap-
tive immune responses induced against the vaccine antigen.
Although adjuvants have been used for more than a century,
the mechanisms of action of the ones most widely used in
humans - aluminum salts, oil-in-water emulsions, saponin-
based adjuvants (SBAs), and Toll-like receptor (TLR) agonists —
are still not fully understood, and animal models may not fully
reflect the more nuanced picture found in human data. This
review presents an overview of the effects of the saponin-based
Matrix-M adjuvant in light of the mechanism of action data
generated to date for Matrix-M itself and other SBAs.
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A brief history of saponin-based adjuvants

Saponins are a large family of glycoconjugates that share
a triterpene structure with a variety of glycoside side chains.’
Most saponins used in vaccine adjuvants and food are extracted
through a sustainable process from the bark of the South
American soapbark tree Quillaja saponaria Molina.”'® These
bark extracts contain a heterogeneous mixture of dozens of
closely related saponins with structurally different glycosylation
or acylation patterns that also affect their biological activities.'*™"
Of the numerous components that can be purified, Q. saponaria
Molina QS-21 is the best characterized, both structurally and
functionally, and is associated with a potent adjuvant
activity.'>'* However, QS-21 is chemically unstable in alkaline
conditions, shows hemolytic activity in vitro, and is associated
with immediate pain at the injection site.'>'> These limitations of
free QS-21 can be attenuated by incorporating it into particles
with cholesterol, as done in the liposome-based Adjuvant System
01 (ASO1) and the Army Liposome Formulation Q (ALFQ),'c'8
or with a combination of cholesterol and phospholipid, as in
immune-stimulating complexes (ISCOMs) or Matrix-M
nanoparticles."” In addition to “quenching” saponin hemolytic
activity, the formulation into nanoparticles allows targeting the
delivery of the adjuvant to phagocytic cells, thus focusing stimula-
tion to appropriate cells.'®'®** Saponin adjuvants can also syner-
gize with other classes of adjuvants, such as TLR agonists. This
characteristic is used in the liposome-based adjuvant AS01, which
combines QS-21 and the TLR4 agonist MPL (3-O-desacyl-4-
monophosphoryl lipid A), a nontoxic derivative from
Salmonella minnesota lipopolysaccharide.'® The QS-21 and
MPL components of this adjuvant enhance antigen-specific anti-
body responses and promote T-cell responses.'® ASO1 is currently
used in the licensed vaccines against malaria and herpes zoster,
both developed by GSK (Rixensart, Belgium).'®'® The synergistic
adjuvant effects of saponins and MPL are also seen when saponins
and MPL are incorporated into ISCOM nanoparticles.*'
ISCOMs were initially developed by Morein and colleagues
to improve the immunogenicity of membrane-derived viral
glycoproteins by coformulation of these glycoproteins with
adjuvant-active Quillaja saponins present in the bark extract
fractions.”” The characteristic structure of ISCOMs relies on
the strong affinity between saponins and cholesterol. ISCOMs
are stable particles formed by Q. saponaria saponins, choles-
terol, and phospholipids, in which multiple copies of antigens
are physically incorporated into a matrix of saponins and
lipids. ISCOMs are 40-nm-diameter particles with typical
rigid cage-like structures.'” ISCOMs induce strong and long-
lasting antigen-specific humoral and cellular immune
responses, including CD4+ helper T cells and CD8+ cytotoxic
T cells. However, a limitation of the ISCOM system is that only
hydrophobic membrane proteins were readily incorporated
into ISCOMs without modification.”” Manufacturing chal-
lenges that arose when incorporating a broader variety of
antigens into the ISCOM particles led to the discovery that
similar characteristic structures were produced even without
antigen incorporation.”” These complexes, later called Matrix,
constituted a potent adjuvant that could be simply mixed with
a broad range of antigens.>® The Matrix technology was further
developed under the trademark ISCOMATRIX™ (CSL Limited,

Parkville, Victoria, Australia).”**> Although antigens are not
physically linked to the particles, these formulations retain the
ISCOMs’ ability to induce strong humoral and cellular
immune responses, and as they are not limited to hydrophobic
membrane proteins, they potentially have broader
applications.

The ISCOM/ISCOMATRIX-branded technology was
further developed by Isconova/Novavax AB (Uppsala,
Sweden) and led to the development of the Matrix-M formula-
tion. The Matrix-M adjuvant consists of two different popula-
tions of physically stable nanoparticles mixed at a defined ratio
(85% Matrix-A + 15% Matrix-C). Matrix-A™ and Matrix-C™
contain different Q. saponaria saponin fractions with comple-
mentary properties.'”*>*”  Matrix-C particles contain
Fraction-C saponins (mainly consisting of QS-21), which
have strong adjuvant activity but are reactogenic in mice, as
measured by lethargy and lethality. Matrix-A particles contain
Fraction-A saponins, which have a weaker adjuvant activity
than Fraction-C at the same doses but are better tolerated in
mice. A combination of these two types of particles was tested
and reduced the reactogenicity observed in animal models
while preserving the adjuvant activity. In addition, Matrix-M
is stable in aqueous solution at 2-8°C for several years. Matrix-
M is the adjuvant used in NVX2373 SARS-CoV-2 recombinant
spike protein-based vaccine (Novavax) as well as several vac-
cines that are currently being, or have been, evaluated in
clinical trials (summarized in Table 1).

How do saponin-based adjuvants work?

Many of the insights into the mechanisms of action of SBAs
have been obtained from mouse models, using mainly ASO1
and ISCOMATRIX. When assessed using Matrix-M, similar
results were obtained, suggesting shared mechanisms. The
proposed Matrix-M mechanisms of action are summarized in
Figure 1.

Early events at the site of injection

After intramuscular injection of AS01, saponins can be detected
first in the muscle interstitium, but do not linger there. Already
at 24 hours post-injection, both saponins and antigens are
undetectable at the injection site, thus making a depot effect
and slow release of antigen unlikely as an important mechanism
of action.”® Early events after immunization with SBAs involve
the production of chemokines and cytokines both at the site of
injection and in the dLN. The cytokine induction is transient,
with cytokine levels declining sharply by 48 hours and return-
ing to baseline by day 7.® Among the detected cytokines are
key mediators of immune activation and immune cell differ-
entiation (interferon-y [IFN-vy], interleukin [IL]-1p, IL-6, and
tumor necrosis factor [TNF]-a). Notably, IFN-y promotes Thl
cell differentiation and antibody class switching, and upregu-
lates MHC class I and class II expression on DCs, thus promot-
ing the induction of cell-mediated immunity.”’ Moreover,
chemokines attracting innate immune cells such as monocytes
and granulocytes (CXCL1 and CCL2) or T cells (CXCL9 and
CXCL10) are produced.”® This cell recruitment occurs rapidly
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Table 1. Overview of ongoing and concluded clinical trials with Matrix-M™-adjuvanted vaccines.

Matrix-M adjuvant Phase of  ClinicalTrial.gov
Disease Vaccine dose Population clinical trial Identifier
CovID-19 SARS-CoV-2 recombinant spike protein 50 g Healthy and stable adults, 18 to 84 yr Phase 3 NCT04583995
nanoparticle vaccine 50 ug Healthy and stable adults, > 18 yr; Phase 3 NCT04611802
Healthy adolescents, 12 to < 18 yr
50 ug Healthy and stable adults, 18 to 84 yr Phase 2 NCT04368988
50 ug Healthy HIV-negative adults, 18 to 84yr; Phase 2 NCT04533399
Stable HIV-positive adults on anti-
retroviral therapy, 18 to 64 yr
50 ug Healthy adults, 18 to 59 yr Phase 1 NCT04368988
Seasonal Influenza Quadrivalent or trivalent recombinant 75 pg Healthy adults, > 65 yr Phase 3 NCT04120194
hemagglutinin nanoparticle 50 or 75 ug Healthy adults, > 65 yr Phase 2 NCT03658629
influenza vaccine 50 ug Healthy adults, = 60 yr Phase 1/2 NCT03293498
Inactivated trivalent hemagglutinin 50 ug Healthy adults, 18 to 50 yr; Phase 1 NCT01444482
influenza vaccine Older adults, 65 to 75 yr
COVID-19 and Seasonal ~ SARS-CoV-2 recombinant spike protein 50 ug Clinically stable adults, 50 to 80 yr Phase 1/2  NCT04961541
Influenza nanoparticle vaccine and
quadrivalent nanoparticle influenza
vaccine
Pandemic Influenza Virosomal H5N1 vaccine 50 ug Healthy adults, 20 to 49 yr Phase 1 NCT00868218
Influenza H7N9 virus-like particle 25 or 50 pg Healthy adults, 18 to 64 yr Phase 1/2  NCT02078674
vaccine
Respiratory Syncytial RSV fusion protein vaccine 50 ug Clinically stable older adults, 60 to 80yr  Phase 2 NCT03026348
Virus (RSV)
Malaria Viral vector Malaria vaccine 25 or 50 g Healthy adults, 18 to 50 yr Phase 1 NCT01669512
P. falciparum Pre-erythrocytic Malar ia vaccine, R21 50 ug Children 5 to 36 mo Phase 3 NCT04704830
50 ug Healthy adults, 18 to 45 yr Phase 2 NCT03947190
25 or 50 pg Healthy children, 5 to 17 mo Phase 1/2  NCT03896724
25 or 50 pg Healthy adults, 18 to 45 yr; Phase 1/2  NCT03580824
Healthy children, 1 to 5yr;
Healthy infants, 5 to 12 mo
50 ug Healthy adults, 18 to 45 yr Phase 1/2  NCT02925403
50 ug Healthy adults, 18 to 45 yr Phase 1/2 NCT03970993
50 ug Healthy adults, 18 to 50 yr Phase 1 NCT02572388
Malaria transmission blocking vaccine, 50 ug Healthy adults, 18 to 45 yr Phase 1 NCT04130282
Pfs25-IMX313
Malaria Blood-stage Malaria vaccine, 50 ug Healthy volunteers, 18 to 45 yr Phase 1/2  NCT04201431
P. vivax PvDBP_RII
Ebola Virus Disease Ebola virus glycoprotein nanoparticle 50 ug Healthy adults, 18 to 49 yr Phase 1 NCT02370589
vaccine
Genital Herpes Simplex ~ Recombinant HSV-2 protein vaccine 25,50 or 75 ug Healthy adults with recurrent genital HSV-2  Phase 2 NCT02114060,
Virus (HSV) type 2 lesions, 18 to 50 yr NCT02300142
infection 50 or 75 ug Healthy adults with recurrent genital HSV-2  Phase 2 NCT02515175
lesions, 18 to 50 yr
50 ug Adults with prior receipt of 3 doses of Phase 2 NCT03146403
recombinant HSV-2 protein vaccine, 18
to 50 yr
50 ug Healthy adults with recurrent genital HSV-2  Phase 1/2  NCT01667341
lesions, 18 to 50 yr
26,30,31

and transiently at the injection site in the muscle, as well as in
the dLNs (further discussed below).?***?%*! Gene enrichment
analysis in specific pathogen-free pigs that had received the
research equivalent of the clinical-grade Matrix-M adjuvant
(AbISCO®-100, Novavax AB) revealed that genes involved in
inflammation, innate immunity, and antigen processing, in
particular interferons and interferon-related genes, are upregu-
lated at the injection site and/or in the dLN, thus further
supporting the early events observed in mice.*”

Enhanced antigen delivery and cellularity of draining
lymph nodes

In addition to the recruitment of immune cells to the injection
site, cellularity also rapidly increases in the dLN following
intramuscular injection with vaccine adjuvanted with SBAs.
Immune cells (mainly monocytes, DCs, and neutrophils) are
recruited to the dLNs shortly after injection of Matrix-M

adjuvant, with or without antigen. In a similar manner,
the combination of MPL and QS-21 in ASOI induces strong
recruitment of monocytes, neutrophils, and different subtypes
of conventional DC populations compared to antigen
alone.?®* A recently described SBA, SMNP (saponin/MPLA
nanoparticles), increased the lymph flow in a histamine-
dependent manner.?' Increased lymph flow allows for rapid
drainage of antigen, adjuvant, and activated immune cells
from the injection site to the dLN. Indeed, studies using
fluorescently-labeled QS-21 (formulated with MPL into
AS01) showed that the adjuvant and the antigen can be readily
detected both at the injection site and in the dLN at early time
points (0.5 and 3 hours post-immunization), but exclusively in
the dLN after 24 hours.”® The rapid delivery of both the anti-
gen and the adjuvant to the dLN through local recruitment of
inflammatory cells and/or enhanced lymph flow is consistent
with the observation that spatiotemporal colocalization of
adjuvant and antigen is necessary for the adjuvant effect of
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A. Injection of Matrix M-adjuvanted vaccine into the muscle
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Figure 1. Proposed Matrix-M™ adjuvant mechanism of action.

Panel A. Injection of Matrix-M™-adjuvanted vaccine into the muscle (event 1) leads to a transient recruitment and activation of innate immune cells, including
antigen-presenting cells, at the injection site. The presence of Matrix-M facilitates antigen uptake and transport to the draining lymph nodes (event 2), where the
Matrix-M-induced immune environment of recruited and activated immune cells results in enhanced antigen presentation to CD4+ and CD8+ T cells (event 3).
Activated CD4+ T cells then differentiate into CD4+ T helper (Th) 1, Th2, or T follicular helper cells (Tfh) (event 4), with the latter supporting germinal center formation
(event 5). In these germinal centers, activated B cells interact with Tfh and follicular dendritic cells (FDC) and undergo affinity maturation and further differentiation
(event 6). This leads to the formation of high-affinity and long-lasting antibody and memory responses (event 7). Similarly, CD4+ Th1 and Th2, as well as CD8+

memory T cells are generated (event 8).

Panel B. After being taken up by antigen-presenting cells (event 1), Matrix-M adjuvant and antigen localize to the lysosomes (event 2), where some portion of antigen

is degraded by proteases. The acidic environment inside the lysosome also allows the release of “free” saponins (event 3), which in turn contributes to the induction of

lysosomal membrane permeabilization and subsequent translocation of both intact and degraded antigen to the cytosol (event 4). Matrix-M induces upregulation of

co-stimulatory and MHC molecules (event 5), thus promoting presentation of antigenic peptides by two routes. Antigenic peptides from the lysosome bind to MHC

class Il for presentation to CD4+ T cells, while degradation of intact antigen in the cytosol permits binding to MHC class | for cross-presentation to CD8+ T cells (event
). In addition, Matrix-M induces activation of NLRP3 inflammasome leading to the release of IL-1B and IL-18 (event 7) as well as the production and secretion of other

cytokines (event 8).
Ag, antigen; DAMPs, damage-associated molecular patterns; FDC, follicular dendritic cells; GC, germinal centers; IL, interleukin; MHCI/MHCII, major histocompatibility
complex I/Il; TCR, T-cell receptor; Tfh, T follicular helper cells; Th, T helper; TNF, tumor necrosis factor; ROS, reactive oxygen species.



SBAs. When antigen was administered 24-72 hours after
AS01, or when antigen and adjuvant were injected in contral-
ateral limbs, the adjuvant effect was suppressed, and the anti-
gen-specific responses were not significantly different from
those obtained with unadjuvanted antigen.”® This localization
of the effect of SBAs, which has also been shown with Matrix-
M, demonstrates that the action of SBAs is dependent on
concentrating the antigen and activated immune cells in the
same site, rather than inducing a systemic response.'®* In
a direct comparison to non-SBAs including aluminum hydro-
xide, complete Freund’s adjuvant (mineral oil mixed with
killed mycobacteria that is restricted to non-human use
because of its toxicity), and AS03 (oil-in-water emulsion con-
taining squalene and a-tocopherol), Matrix-M adjuvant-
treated mice had larger dLNs with a higher total cell count,
thus indicating that the potent immune activation was focused
to the dLNs in these animals.>* Together, these findings sug-
gest that the antigen dose-sparing capacity of Matrix-M
adjuvant®>® may rely on the fact that the antigen is trans-
ported to dLNs where the adjuvant has “set the stage” for
optimal activation and induction of potent antigen-specific
adaptive immune responses. Matrix-M adjuvant-induced leu-
kocyte recruitment to the dLN peaks at 48 hours post-
injection.”’ Similar kinetics are observed for AS01.**
Increased activity in the dLNs is also observed in pigs, where
Matrix-M adjuvant induced dLN enlargement, thus indicating
cell recruitment and/or proliferation.””

Inflammasome activation

Whether cellular uptake of SBAs and the antigen occurs at the
injection site (followed by cellular transport) or in the dLN
(after free-flow through the lymph), or a combination of the
two, is not fully understood. However, more is known about
what happens to the cells that take up the adjuvant particles.
Cellular uptake of SBAs such as QS-21 has been suggested to
be mediated via a cholesterol-dependent mechanism followed
by trafficking to lysosomes.”® Whereas the association of
Quillaja saponins with cholesterol in Matrix-M adjuvant is
extremely stable in neutral buffers, this association is see-
mingly quickly broken down at lower pH in the lysosome.
Free saponins released from the Matrix-M particles may then
induce lysosomal membrane destabilization, causing leakage
of lysosomal enzymes and endocytosed antigens into the cyto-
sol of APCs.'>*®* This appears to trigger inflammasome
activation, as well as Syk- and cathepsin B-dependent cell
activation and cytokine production.”® In addition, saponin-
induced destabilization of lysosomal membranes generates
reactive oxygen species that in turn can contribute to inflam-
masome activation.” Inflammasomes are cytoplasmic multi-
protein complexes that play an important role in innate
immunity.*” In response to infections and cellular damage
sensed by a variety of pattern recognition receptors, inflamma-
somes mediate maturation and secretion of the pro-
inflammatory cytokines IL-13 and IL-18 through caspase-1
activation.”>*' These two cytokines can enhance NK cell acti-
vation (resulting in IFN-y production) and Thl responses.
Consequently, they are crucial for eliminating intracellular
pathogens such as viruses and thus an important target for
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vaccines.*>*’ Indeed, both ISCOMATRIX and ASOl can
potently activate the NLRP3 inflammasome in APCs, resulting
in the production of IL-1p and IL-18."*" A similar NLRP3-
dependent release of IL-13 was observed with the research
equivalent of Matrix-M, AbISCO-100, administered in combi-
nation with MPL.!> However, NLRP3 seems dispensable in
different mouse models, suggesting that additional pathways
may be involved in vivo.'>?%>%%*

Activation of antigen-presenting cells and
cross-presentation

In addition to leukocyte recruitment, enhanced activation of
immune cells occurs in the dLNs at early time points. The
dLNs from mice injected with Matrix-M adjuvant exhibit an
increased frequency of DCs expressing the T-cell costimula-
tory molecule CD86 and the early activation marker CD69,
and an increased frequency of CD69-expressing neutrophils
and macrophages.®® These effects were not seen with the non-
SBAs tested and did not rely on the presence of antigens.
Additionally, an increased number of B cells, DCs, and mono-
cytes expressing CD86 and CD69 were found in the dLNs of
mice immunized with Matrix-M-adjuvanted influenza hemag-
glutinin (HA) vaccine.”® Thus, activated antigen-presenting
cells are ready to present antigens to T cells and activate
them. Antigens in inactivated or subunit vaccines are typically
taken up by APCs and processed like other extracellular mate-
rial, resulting in presentation on MHC-II and activation of
CD4+ T cells.

CD8+ T cells, which can attack and destroy infected host cells,
contribute to protection against viruses and other intracellular
pathogens. However, CD8+ T-cell activation requires antigen
presentation in the context of MHC-I molecules, with processing
and loading of pathogen proteins taking place in the host cell
cytosol.*® Achieving this is generally difficult with inactivated or
subunit vaccines,***” because they tend to be degraded in the
lysosomal compartment and consequently presented exclusively
in the context of MHC-II molecules. However, the above-
described lysosomal membrane destabilization induced by free
saponins released from the SBAs may facilitate antigen transloca-
tion from the phagolysosome to the cytosol,”® thus enabling anti-
gen cross-presentation on MHC-I and activation of CD8+ T cells.
Indeed, experiments in mouse models have demonstrated that
SBAs do facilitate cross-presentation of exogenous antigens on
MHC-I in DCs by inducing antigen translocation from endo-
somes into the cytosol, more specifically through the PKR-like
endoplasmic reticulum kinase (PERK) pathway.”*****> Among
the different adjuvants tested (both SBAs and non-SBAs), the
highest effect on cross-presentation was obtained with Matrix-C,
a component of Matrix-M adjuvant.*® The SBAs specifically
induced intracellular lipid bodies (phospholipid monolayers sur-
rounding a core of neutral lipids) in the CD11b+ DC subset both
in vitro and in vivo. These lipid bodies were crucial for cross-
presentation and subsequent effective cross-priming of CD8+
T cells.**** Matrix-M adjuvant is expected to share the same
ability to facilitate cross-presentation via saponin-mediated per-
meabilization of the phagolysosome. Indeed, specific CD8+ T-cell
responses have been demonstrated in both mice and humans
upon vaccination with  Matrix-M-adjuvanted NVX-
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CoV2373.”> Of note, antigen-specific CD8+ T-cell responses are
detected after the first or second vaccination in smaller proportion
of human subjec:ts.50 Nevertheless, these responses correlate with
the antigen-specific CD4+ T-cell response. In addition, a recent
comparison of CD8+ T-cell responses between NVX-CoV2373,
two mRNA vaccines, and an adenovirus vector vaccine (all against
SARS-CoV-2), demonstrated a somewhat lower responder fre-
quency for NVX-CoV2373 compared to the other vaccine
platforms.”* However, frequencies of antigen-specific memory
CD8+ T cells were comparable to those in SARS-CoV-2 recovered
individuals at 6 months. Together, this suggests that Matrix-M can
cross a boundary to induce a CD8+ T-cell response, which then
could be amplified by the abundant CD4+ T-cell response. Of
note, human CD8+ T-cell responses have also been observed with
ISCOMATRIX-adjuvanted vaccines.””>*

Enhanced humoral immunity and memory response

SBAs induce high titers of antigen-specific antibodies,
a desirable and important outcome of vaccination.'*** Such
antibodies are the result of germinal center interactions, which
include B cells as well as T follicular helper (Tth) cells. Our
studies show that Matrix-M-adjuvanted vaccines are potent
inducers of both germinal center B cells and Tth cells, and
that long-lived plasma cells are formed.””*>* Strong germinal
center responses are also observed with other SBAs such as
ASO01, SMNP, and ISCOMATRIX.>"**%¢

Studies using ISCOMATRIX provide further understanding
of the impact of Matrix-M on humoral immune responses.
Analysis of the antibody repertoire developed in previously-
naive humans vaccinated with a baculovirus/Sf9-derived influ-
enza A/H7N9 virus-like particle (VLP) vaccine in the presence
or absence of ISCOMATRIX showed that ISCOMATRIX pro-
motes epitope spreading and antibody affinity maturation.””
This correlated with enhanced hemagglutination inhibition
(HAI) and neutralization antibody titers, suggesting that
ISCOMATRIX reduced the epitope recognition threshold of
immune cells and broadened the number of unique epitopes
recognized. Similarly, adjuvanting a novel seasonal influenza
recombinant HA subunit vaccine with Matrix-M induced cross-
neutralizing and protective antibody responses to multiple his-
torical influenza virus strains in ferrets. This suggested induc-
tion of potent antibody responses to conserved broadly
neutralizing influenza HA epitopes and the potential for cross-
protective responses against future drifted strains.”®>* Although
not formally demonstrated yet, Matrix-M most likely presents
the same capacity to promote epitope spreading and antibody
affinity maturation in humans, thus eliciting durable, high-
affinity, and broad immune responses to the antigen.*’

Enhanced cell-mediated immunity and memory response

CD4+ Th cells are first activated by antigen presentation in
association with MHC-II together with costimulatory signals,
but rely on the local cytokine landscape to polarize the
response. Both Thl and Th2 CD4+ T cells support clonal
expansion of B cells and drive antibody class-switching, albeit
to different isotypes. By secreting the pro-inflammatory

cytokines IL-2, IFN-y, and TNF-a in various combinations,
Thl cells can also promote cell-mediated immunity that is
important in protecting against intracellular pathogens. On
the other hand, Th2 cells are characterized by the secretion
of IL-4, IL-5, IL-10, or IL-13, which promote optimal anti-
body-mediated immune responses against extracellular patho-
gens. Hence, the ability to induce balanced or Th1-biased CD4
+ T-cell responses may be important in vaccine development,
especially when the target is a virus or another intracellular
pathogen. Moreover, a strongly Th2-biased response may in
fact be detrimental. Such responses have been hypothesized to
be responsible for the vaccine-induced enhancement of RSV
disease in naive infants (as reviewed by Carroll and
colleagues).!

ISCOMs and Matrix-M adjuvant induce strong Th1-biased
CD4+ responses as well as clear cytotoxic (CD8+) T-cell
responses in animal models.’*"®* Indeed, Matrix-M consis-
tently exhibits a strong ability to induce high levels of antigen-
specific IL-2 and IFN-y production in splenocytes (mainly
T cells) in mice when included in different vaccines, including
subunit vaccines against SARS-CoV-2, influenza, West Nile,
and Ebola viruses.””***>% In addition, multifunctional mem-
ory CD4+ and memory CD8+ T cells secreting IFN-y, IL-2,
and/or TNF-a are induced in mice immunized with an Ebola
virus glycoprotein or SARS-CoV-2 spike glycoprotein antigen
combined with Matrix-M adjuvant.*”>> Splenocytes from mice
immunized with influenza antigen in the presence of Matrix-
M adjuvant produced both Thl and Th2 cytokines upon
in vitro re-stimulation, thus also demonstrating the generation
of a balanced Th1/Th2 memory.*

A few hours after injection of ASOl-adjuvanted vaccines,
lymph node-resident cells, mainly NK cells, release IFN-y in the
dLN.%® This production is antigen-independent, controlled by
macrophages via IL-18 secretion after inflammasome activation,
and supported by IL-12. Both MPL and QS-21 contribute to the
transcriptional response in the dLN and the production of IFN-y
at the earliest stages of vaccination. This IFN-y production is
critical for promoting multifunctional Thl-biased antigen-
specific CD4+ T-cell responses to ASO1-adjuvanted antigens.

Matrix-M adjuvant from preclinical to clinical
development

Saponin-based adjuvants, and Matrix-M in particular, have the
unique capacity to enhance the magnitude and quality of the
antibody response and to simultaneously induce cellular
immunity consisting of Thl-dominant CD4+ responses, as
demonstrated using different vaccine candidates both in ani-
mal models and humans. In addition, a smaller but growing
body of evidence suggests that CD8+ T-cell responses are also
induced. Altogether, these responses translate into high vac-
cine efficacy. Some examples of this unique capacity of the
Matrix-M adjuvant are presented below.

SARS-CoV-2

The ongoing COVID-19 pandemic caused by SARS-CoV-2 is
an ongoing major public health problem. Although vaccines
based on mRNA and replication-incompetent adenovirus



vectors have been authorized worldwide, manufacturing and
distribution of COVID-19 vaccines needed to be achieved at
an unprecedented scale.”®” As of October 2022, approximately
68% of the global population — more than 4 billion persons —
have received at least one dose of a COVID-19 vaccine so far,
but only 22% of persons in low-income countries.”
Additional SARS-CoV-2 vaccines are thus urgently needed to
protect the population worldwide and decrease the incidence
of cases and the emergence of new variants that pose a greater
risk for immune escape.

Novavax developed a SARS-CoV-2 spike nanoparticle vac-
cine candidate based on previous experience gained in mice
with Matrix-M-adjuvanted recombinant nanoparticle vaccines
against the severe acute respiratory syndrome coronavirus
(SARS-CoV), which emerged in 2003, and the Middle East
respiratory syndrome coronavirus (MERS-CoV), which
emerged in 2012.°*® BALB/c mice vaccinated with these vac-
cines developed high titers of neutralizing antibodies targeted
to the respective spike proteins of SARS-CoV and MERS-
CoV.%® Furthermore, the MERS-CoV nanoparticle vaccine
completely blocked MERS-CoV replication in the lungs and
protected mice from infection in vivo.*’

NVX-CoV2373 is a nanoparticle vaccine candidate consist-
ing of a recombinant SARS - CoV-2 (rSARS-CoV-2) spike
glycoprotein (GP) constructed from the full - length, wild-type
sequence from the Wuhan strain (GenBank gene sequence
MN908947, nucleotides 21563-25384) optimized for the bacu-
lovirus/Sf9 insect cell expression system, stabilized in the pre-
fusion conformation, and adjuvanted with Matrix-M.*>*%”° In
mice and non-human primate models, NVX-CoV2373
induced high anti-spike antibody titers that blocked binding
to the human angiotensin-converting enzyme 2 (hACE2)
receptor on host cells.”>”*”" In the mouse spleen, NVX-
CoV2373 also elicited multifunctional CD4+ and CD8+
T cells, CD4+ Tth cells, and antigen-specific germinal center
B cells.”® In animals that received rSARS-CoV-2 spike with
Matrix-M, increases in frequencies of antigen-specific CD4+
and CD8+ T cells secreting IFN-y, TNF-a, and IL-2 (i.e.,
classical Thl cytokines) were significantly greater than those
of IL-4 and IL-5-secreting cells (i.e, Th2 cytokines). This con-
trasted with the pattern seen in animals immunized with
rSARS-CoV-2 spike alone and confirmed that Matrix-M
induces a Th1-dominant response.>

In mice, hamsters, and non-human primates, the antibodies
induced by NVX-CoV2373 neutralized wild-type virus and
protected against a SARS-CoV-2 challenge, with no evidence
of vaccine-associated enhanced respiratory disease.”>”° Where
examined, CD4+ T-cell responses demonstrated a balanced or
Thl-dominant phenotype in each species. Cynomolgus maca-
ques, immunized with NVX-CoV2373 had little or no detect-
able replicating SARS-CoV-2 in their respiratory tracts and
were protected against upper and lower infection and pulmon-
ary disease following intranasal and intratracheal challenge.”
Furthermore, neutralization of wild-type virus exceeded the
magnitude of responses measured in human convalescent
serum.”’

Based on these promising results, NVX-CoV2373 has been
evaluated in clinical trials. A randomized, controlled, phase 1-
2 trial was conducted to evaluate the safety and
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immunogenicity of two intramuscular injections of placebo
or NVX-CoV2373 in healthy adults.”® Two different dosages
of rSARS-CoV-2 spike protein were evaluated (5 or 25 pg),
with (both doses) or without (25 pg only) Matrix-M adjuvant.
Both Matrix-M adjuvanted doses of rSARS-CoV-2 spike pro-
tein induced high immune responses, with neutralizing anti-
body levels that closely correlated with anti-spike IgG. At 35
days post-vaccination, NVX-CoV2373 elicited neutralizing
antibody responses exceeding those observed in COVID-19
convalescent serum from patients hospitalized with COVID-
19.%° The Matrix-M adjuvant had a clear impact on the mag-
nitude of the humoral and T-cell responses and the induction
of functional antibodies. Matrix-M induced CD4+ T-cell
responses that were biased toward a Thl phenotype.
Furthermore, the immune responses in the 5- and 25-ug adju-
vanted vaccine regimens were similar, suggesting that Matrix-
M had antigen dose-sparing capacities.

The first results of NVX-CoV2373 clinical efficacy were
provided with a phase 2b conducted in South Africa and
a phase 3 trial conducted in the UK.>° In contrast to the first
trials evaluating the efficacy of mRNA vaccines and replica-
tion-incompetent adenovirus vectors, the timing of these trials
allowed to determine vaccine efficacy not only against the
original SARS-CoV-2 Wuhan strain but also against the two
emerging variants of concern in post-hoc analyses.>®’* These
trials demonstrated the very high efficacy of NVX-CoV2373
against PCR-confirmed symptomatic COVID-19 caused by
the original SARS-CoV-2 (96.4%; 95% ClI, 73.8%-99.5%).
This high efficacy was maintained against the more transmis-
sible B.1.1.7 variant (alpha) originating from the UK (86.3%;
95% CI, 71.3%-93.5%) and, to a lesser extent, to the highly
escaped B.1.351 variant (beta) originating from South Africa
(51.0% in all participants; 95% CI, —0.6% to 76.2% and 60.1%
in HIV-negative participants 18-84 years of age).”® Similar
results were found in a large phase 3, randomized, placebo-
controlled trial conducted in the United States and Mexico
during the first half of 2021 that evaluated the efficacy and
safety of NVX-CoV2373 in nearly 30,000 adults who had not
had a previous severe SARS-CoV-2 infection.* Over a period of
3 months, vaccine efficacy was 90.4% (95% CI, 82.9%-94.6%;
P <.001). Vaccine efficacy against moderate-to-severe disease
was 100% (95% CI, 87.0%-100%) and 92.6% (95% CI, 83.6%-
96.7%) against any disease caused by a variant of concern or
interest, the alpha variant being the predominant viral genome
identified during the study. Therefore, NVX-CoV2373 repre-
sents an additional highly effective vaccine in the toolbox for
the control of COVID-19 pandemics due to different SARS-
CoV-2 strains.

Malaria

The leading malaria vaccine candidate, RTS,S (Mosquirix™,
GSK), is composed of ASOl-adjuvanted VLPs that contain
a recombinant fusion protein consisting of repeated sequences
and T-cell epitope domain of the Plasmodium falciparum
circumsporozoite protein (CSP) linked to the hepatitis
B surface antigen (HbsAg) along with HbsAg. In a large
phase 3 trial conducted in children aged 5-17 months, efficacy
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was 56% over the first year and only 36% (95% CI, 32-41) over
a median follow-up of 48 months.”

A second-generation RTS,S-like vaccine candidate, called
R21, has been developed to improve protective immunity to
malaria.”* In contrast to the RTS,S VLPs, R21 particles contain
a single CSP-HBsAg fusion protein leading to a higher CSP
antigen density on the VLP surface than in RTS,S. R21 immu-
nogenicity was evaluated with different adjuvants in BALB/c
mice.”* R21 was immunogenic at the low dose of 0.5 ug and
induced very high levels of CSP-specific antibodies but, in
contrast to RTS,S, it induced only minimal antibodies to
HBsAg. CSP-specific antibody titers induced by R21 were
higher with AbISCO-100, Matrix-M, and squalene-based oil-
in-water emulsions than with polyanionic carbomer
(Carbopol™) and aluminum hydroxide-based adjuvant
(Alhydrogel™), but T-cell induction was significantly higher
after administration of R21 with AbISCO-100 or Matrix-M.”*
R21 elicited sterile protection against a transgenic sporozoite
challenge when administered with AbISCO-100 or Matrix-M,
but not with any of the other adjuvants evaluated.

Following these preclinical results, R21 was combined with
Matrix-M for clinical development. In a phase 2a trial conducted
in the UK using controlled human malaria infection in healthy
adults, 3 doses of R21/Matrix-M given 4 weeks apart demon-
strated high sterile efficacy (81.8%; n = 11) in the prevention of
P. falciparum parasitemia.”” In another phase 2 trial conducted
in a malaria endemic area with high transmission in Burkina
Faso, R21 (5 pg) adjuvanted with two different doses of Matrix-
M (25 or 50 pg) was evaluated in children between 5-17 months
of age.”® The R21/Matrix-M vaccine resulted in high titers of
malaria-specific antibodies 28 days after the third vaccination,
which almost doubled with the highest dose of Matrix-M. This
response translated into 74% (95% CI, 63%-82%) efficacy with
25 pg Matrix-M and 77% (95% CI, 67%-84%) with 50 ug Matrix-
M after 6 months. This high efficacy was maintained at 12
months, with 77% (95% CI, 67%-84%) efficacy in children
who received R21 with the highest dose of Matrix-M. Although
anti-CSP antibody titers waned over time, a booster dose admi-
nistered 12 months after the third dose returned antibody levels
to near-peak values.”® A follow-up of this trial showed that high
vaccine efficacy was maintained against clinical malaria episodes
over 2 years after the primary vaccination series and 1 year after
the booster dose.”” A phase 3 clinical trial is currently being
conducted across five African countries with different malaria
transmission and seasonality.

Seasonal influenza

In contrast to SARS-CoV-2 and malaria vaccines that have
been deployed only recently, influenza vaccines have been used
since the 1950s. However, to address the gaps limiting the
effectiveness of existing influenza vaccines, including the
induction of egg-adaptive antigenic changes in vaccine virus
hemagglutinins induced by classical egg-based manufacturing
processes, highly strain-specific responses, and suboptimal
T-cell responses in older adults, various strategies to develop
novel vaccines with broader protection and higher effective-
ness are under investigation, including adjuvanted recombi-
nant protein and viral vector vaccines.”®

Novavax has developed a recombinant Matrix-
M-adjuvanted HA nanoparticle influenza vaccine candidate
(NIV) produced in the Spodoptera frugiperda Sf9 insect cell/
baculovirus system.”®”**" In ferrets, trivalent NIV (tNIV)
administered with Matrix-M elicited HAI and microneutraliz-
ing (MN) antibody responses significantly greater than those
induced by a licensed trivalent high-dose inactivated influenza
vaccine (IIV3-HD; Fluzone™ High-Dose) produced in eggs
against homologous A(H3N2), A(HIN1), and B strain viruses.
Trivalent NIV with Matrix-M also induced HAI and MN
antibodies against a broad range of influenza A(H3N2) sub-
types spanning almost 2 decades of influenza seasons (2000-
2017), whereas IIV and IIV3-HD-induced responses were
narrowly directed against the homologous strains.”®
Competition antibody studies have revealed that recombinant
hemagglutinin nanoparticles adjuvanted with Matrix-M
induce responses to several highly conserved HA head and
stem broadly neutralizing HA epitopes and are therefore
highly cross-neutralizing against both homologous and anti-
genically drifted strains.”

In a phase 2 clinical trial, Matrix-M-adjuvanted quadrivalent
NIV (gNIV) induced higher HAI antibody responses against
homologous and several drifted A(H3N2) strains than either
unadjuvanted NIV or IIV3-HD. Substantially higher induction
of multifunctional CD4+ T-cell responses against both vaccine-
homologous and drifted A(H3N2) viruses were observed in
contrast to IIV3-HD and a licensed quadrivalent recombinant
vaccine (RIV4; FluBlok™).””®" A phase 3 immunogenicity trial
conducted in healthy adults>65years of age demonstrated
immunological non-inferiority of NIV to a licensed IIV4 in
terms of HAI antibody responses against the four homologous
strains in assays using egg-derived hemagglutinins.** However,
when HAI antibody responses were evaluated with wild-type
hemagglutinins, a more biologically and clinically meaningful
assay format, qQNIV induced higher HAI antibody responses
against 4 homologous A(H3N2) strains (24%-66% improve-
ments) and 6 antigenically distinct A(H3N2) strains (34%-
46% improvements) compared to IIV4. Furthermore, QNIV
induced markedly higher total and effector (memory) CD4+
T cells specific for A(H3N2) and B/Victoria strain HA epitopes,
with 126%-189% increases compared to IIV4 in the 7 days after
vaccination. Most of these CD4+ effector T cells produced
multiple Thl phenotype cytokines. Notably, substantial multi-
functional CD4+ T-cell responses were induced after vaccina-
tion with gNIV even in participants with low baseline CD4+
T-cell responses, in sharp contrast to those in the ITV4 group.*
Altogether, these results suggest that Matrix-M-adjuvanted
gNIV may be more effective, in the current setting of rapid
HA evolution, than the currently licensed influenza vaccines,
especially in the high-risk population of older adults, because it
induces both antibodies and multifunctional CD4+ T-cell
responses broadly cross-reactive against potential future drifted
stains.

Pandemic influenza

In preclinical murine studies, a Matrix-M-adjuvanted A
(H5N1) vaccine formulated as VLPs (virosomal vaccine)
induced higher levels of multifunctional CD4+ T cells and



protection against pathogenic A(H5N1) challenge than the
vaccine alone.®>® A phase I clinical trial conducted in adults
showed that Matrix-M significantly enhanced CD4+ Thl
responses (as measured by intracellular staining for IL-2,
IFN-y, and TNF-a) and seroprotection rate compared to A
(H5N1) VLPs alone, indicating a dose-sparing effect.*> In
addition, Matrix-M enhanced long-term Thl responses.
Although not demonstrated for Matrix-M, a clinical trial eval-
uating influenza A(H7N9) VLPs also showed that
ISCOMATRIX has dose-sparing capacity for the induction of
functional HAI and neuraminidase inhibition antibodies.**

Ebola virus

Following the large Ebola outbreaks that occurred in several
West African countries between 2013 and 2016, Novavax
developed a recombinant Ebola virus (EBOV) GP nanoparticle
vaccine formulated with Matrix-M.*”*> In BALB/c mice,
EBOV GP co-administered with Matrix-M was significantly
more immunogenic than GP co-administered with aluminum
phosphate or GP without adjuvant in terms of antigen-specific
IgG, virus neutralization titers, and cellular 1'esponses.27
Notably, and consistent with results observed in other systems,
the EBOV GP/Matrix-M formulation converted the Th2-
dominant response to the unadjuvanted or aluminum-
adjuvanted GP antigen (as indicated by its minimal IgG2a
antibody production), to a balanced Th1/Th2 CD4+ T-cell
response (as indicated by similar IgG1 and IgG2a GP-specific
antibody levels).”” Immunization with EBOV GP/Matrix-M
was 100% protective against a lethal viral challenge, whereas
only 10% of mice were protected with the EBOV GP antigen
alone and none with the aluminum phosphate.”” Interestingly,
two studies evaluating EBOV GP with Matrix-M in cynomol-
gus macaques suggested a correlation between anti-GP IgG
antibodies and survival outcome after vaccination.*

In the first-in-human trial, 230 healthy adults received
a placebo or four different doses of EBOV GP antigen, as 1-
or 2-dose regimens, with or without Matrix-M.*
Immunization with two doses of EBOV GP/Matrix-M elicited
a rapid and robust increase of the GP-specific IgG response,
a response that persisted through 1 year, as well as neutralizing
antibodies in both wild-type virus and pseudovirion-based
assays. These responses were indistinguishable at antigen
doses from 6.5 to 50 pg, indicating that Matrix-M has strong
antigen dose-sparing capacities.®”

Vaccines formulated with Matrix-M adjuvant are well
tolerated and have an acceptable safety profile

As of February 2022, vaccines formulated with the Matrix-M
adjuvant have been administered to more than 37,000 indivi-
duals in a total of 29 clinical trials in the United States, Mexico,
Europe, Africa, and Australia (data on file). In these trials, the
proportion of subjects with short-term reactogenicity, includ-
ing local and systemic reactions, was higher among recipients
of Matrix-M formulations than recipients of unadjuvanted
formulations or placebo. Reactions were, however, of mild-to-
moderate intensity and transient (<2 days) in most cases and
represented typical vaccine reactogenicity symptoms that were
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actively solicited for the first 7 days after vaccination. There
were no significant disproportions of unsolicited subject-
reported adverse events in any organ system among clinical
trial subjects followed for 6 months to 1 year after the admin-
istration of these vaccines. The favorable safety profile
observed in phase 1-2 trials was confirmed in two phase 3
trials evaluating NVX-CoV2373 that enrolled 15,187 and
29,949 participants, respectively.*” Injection-site tenderness
and pain, fatigue, headache, and muscle pain were the most
frequently reported solicited reactions. Fever in the 7 days after
injections was rarely reported (<5%), and fever > 39°C was
rare (< 1%). Reactions were more common after the second
dose than after the first one and in participants 18-64 years of
age than in those > 65 years of age.” The frequency of unsoli-
cited adverse events was higher among vaccine recipients than
among placebo recipients (25.3% vs. 20.5%), but the majority
of this difference consisted of events that were consistent with
a reactogenic response. The frequency of serious adverse
events was low and similar between groups (0.5% in each).’
No deaths were attributed to NVX-CoV2373. Furthermore,
none of the safety signals under observation with other
COVID-19 vaccines were reported during the approximately
3-month safety follow-up in the phase 3 trial conducted in the
United States and Mexico.” Indeed, no episodes of anaphylaxis
or Guillain - Barré syndrome and no imbalance in myocardi-
tis, pericarditis, and vaccine-induced immune thrombosis with
thrombocytopenia were observed in the clinical program.
Furthermore, no evidence of vaccine-associated enhanced
COVID-19 was found.*® As with all novel adjuvants, regula-
tory authorities continue to monitor the possibility of trigger-
ing the onset or worsening of immune-mediated diseases.*®
Despite instructions to investigators in clinical trials to report
a broad range of potentially immune-mediated diseases, no
excess incidence of such illnesses has been observed in recipi-
ents of vaccines adjuvanted with Matrix-M in clinical trials to
date.

Following emergency and conditional marketing authoriza-
tion of NVX-CoV2373, reports of anaphylaxis, myocarditis,
and pericarditis have been received. These events are consid-
ered risks with the NVX-CoV2373 vaccine, but because these
events were reported voluntarily, their frequency is currently
unknown. Myocarditis and pericarditis occur after other
SARS-CoV-2 vaccines without Matrix-M (i.e., mRNA and
adenovirus vectors) and thus may be class effects associated
with the spike protein target antigen; whereas anaphylaxis
occurs with low frequency after many vaccines, with or with-
out adjuvant.**~*! These events are presented here for com-
pleteness but their relation to Matrix-M is uncertain.

In summary, although no specific safety concern has been
identified so far in clinical trials with vaccines adjuvanted with
Matrix-M, the safety profile of NVX-CoV2373 continues to be
monitored through post-marketing surveillance.

Conclusions

Over the last 20 years, Matrix-M has proven to be a stable and
potent adjuvant that enhances immune responses to a wide
variety of subunit antigens both in preclinical models and
clinical trials. Matrix-M is notably able to create a favorable



10 L. STERTMAN ET AL.

immunological environment for antigen presentation in dLNs,
as reflected by the rapid recruitment and activation of APCs
and leukocytes. The activation of innate immune cells,
mediated at least in part by activation of the inflammasome
pathway, leads to the production of different cytokines and
chemokines, including early production of IFN-y that is essen-
tial for promoting Th1 CD4+ T-cell responses. Consequently,
Matrix-M is able to improve the magnitude and quality of the
antibody response to the antigen, including the production of
functional antibodies, as assessed by the blocking of pathogen-
host binding interactions and neutralization in many systems
(i.e., seasonal and pandemic influenza viruses, Ebola virus,
SARS-CoV, MERS-CoV, and SARS-CoV-2). Matrix-M is also
able to induce a strong Th1-dominant immune response, with
multifunctional Thl-biased CD4+ T-cells producing IFN-y,
IL-2, or TNF-a as shown for influenza, Ebola, and SARS-
CoV-2 vaccines. Matrix-M also has the potential to induce
CD8+ T-cell responses through antigen cross-presentation,
as supported by a recent study in humans.’® Matrix-
M-adjuvanted vaccines promote the recognition of a broader
range of conserved epitopes and, thus, have the potential to
induce a broad cross-reactive immune response, as observed
with influenza or SARS-CoV-2 vaccines. This strong immu-
nogenicity of Matrix-M-adjuvanted vaccines translates into
high vaccine efficacy, as illustrated by performance in recog-
nized small animal models for influenza and SARS-CoV-2,
non-human primate challenge model for Ebola virus, and,
more recently, for the NVX-CoV2373 vaccine candidate in
two large-scale phase 3 trials that provided mutually suppor-
tive estimates of approximately 90% efficacy in prevention of
symptomatic COVID-19.** In addition, Matrix-M has antigen
dose-sparing capacities, as shown for SARS-CoV-2, malaria,
and Ebola, which help reduce the quantity of antigen per dose
or the number of vaccinations required to achieve sufficient
protection and, thereby, enhance global vaccine supply notably
in case of pandemic situations. Finally, Matrix-M-containing
vaccines have a favorable safety profile and are well tolerated.
Altogether, these data suggest that Matrix-M meets all the
criteria required for novel adjuvants and has therefore the
potential to play an important role in public health in the
future, as in the context of the ongoing COVID-2019
pandemic.”>”’
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